The goal of this study was to examine the neural encoding of voice-onset time distinctions that indicate the phonetic categories /da/ and /ta/ for human listeners. Cortical Auditory Evoked Potentials ͑CAEP͒ were measured in conjunction with behavioral perception of a /da/-/ta/ continuum. Sixteen subjects participated in identification and discrimination experiments. A sharp category boundary was revealed between /da/ and /ta/ around the same location for all listeners. Subjects' discrimination of a VOT change of equal magnitude was significantly more accurate across the /da/-/ta/ categories than within the /ta/ category. Neurophysiologic correlates of VOT encoding were investigated using the N1 CAEP which reflects sensory encoding of stimulus features and the MMN CAEP which reflects sensory discrimination. The MMN elicited by the across-category pair was larger and more robust than the MMN which occurred in response to the within-category pair. Distinct changes in N1 morphology were related to VOT encoding. For stimuli that were behaviorally identified as /da/, a single negativity ͑N1͒ was apparent; however, for stimuli identified as /ta/, two distinct negativities ͑N1 and N1Ј) were apparent. Thus the enhanced MMN responses and the morphological discontinuity in N1 morphology observed in the region of the /da/-/ta/ phonetic boundary appear to provide neurophysiologic correlates of categorical perception for VOT.
INTRODUCTION
Many studies beginning with Liberman et al. ͑1961͒ have documented that when listeners are asked to identify and discriminate stimuli that vary in voice-onset time ͑VOT͒ the discrimination results can be predicted on the basis of the identification functions. That is, listeners are better able to discriminate between sounds which have been identified as belonging to different phonetic categories than between sounds which have been identified as belonging to the same phonetic category. This outcome has been labeled ''categorical perception.'' Early theoretical accounts of this nonmonotonic perceptual acuity suggested that it might be a unique capacity for the purpose of language processing ͑e.g., Studdert-Kennedy et al., 1970; Studdert-Kennedy, 1982͒. However, subsequent psychophysical studies in humans ͑e.g., Pisoni, 1977; Soli, 1983; Kewley-Port et al., 1988͒ and animals ͑e.g., Miller, 1975, 1978͒ have suggested that the nonmonotonic perceptual acuity may be a reflection of more general auditory processing capabilities of the mammalian auditory system.
Recent experiments have described the neural encoding of VOT. In a series of papers, Sinex and colleagues ͑Sinex and McDonald, 1989; Sinex et al., 1991; Sinex, 1993; Sinex and Narayan, 1994͒ have reported extensively on the neural encoding of VOT by fibers in the auditory nerve of the chinchilla. For example, Sinex et al. ͑1991͒ measured, in auditory nerve fibers, discharge rates and response latencies elicited by stimuli from a /da/-/ta/ continuum. Responses elicited by stimuli with the shortest and longest VOTs ͑0-20 ms and 60-80 ms, respectively͒ were smaller and highly variable across groups of neurons with similar characteristic frequencies. On the other hand, for stimuli from the middle of the continuum, responses were larger and response latencies were more synchronous across the same group of neurons. That is, the magnitude and temporal variability of primary auditory nerve neurons varied nonmonotonically such that the neural encoding of acoustic features was more ''salient'' in the middle of the VOT continuum ͑i.e., in the region of the perceptual boundary between /da/ and /ta/ for human listeners͒. Sinex et al. ͑1991͒ suggested that the latencies were more synchronous for syllables from the middle of the continuum largely because the onset of voicing produced abrupt increases in amplitude which occurred at about the same time across several frequency bands. For shorter and longer VOTs, amplitude change was gradual and occurred at different times in different frequency bands; each of these factors increased the variability of the neural responses. Based on these findings, Sinex et al. ͑1991͒ proposed that variability across neurons is the equivalent of ''noise'' in the representation of the stimulus. Stimuli which elicit synchronous responses across a population of neurons are encoded with a greater ''signal-to-noise ratio,'' and may be recognized as an important event by the central nervous system than stimuli which elicit less synchronous responses across neural populations. Given this hypothesis, it is of interest to see whether the nonmonotonic neural representation of VOT reported by Sinex and colleagues at the level of the auditory nerve is observed at more central levels of the auditory system.
The purpose of this study was to examine neural correlates of VOT perception at the level of the auditory cortex in human listeners. We measured the N1 and MMN Cortical a͒ Electronic mail: anu.sharma@asu.edu Auditory Evoked Potentials ͑CAEP͒ in conjunction with behavioral testing using the /da/-/ta/ continuum used by Sinex et al. ͑1991͒ . The N1 is an obligatory evoked response which reflects sensory encoding of auditory stimulus attributes ͑Nä-täänen and Picton, 1987͒, while the mismatch negativity ͑MMN͒ evoked response is elicited by acoustic changes and is a measure of sensory discrimination ͑Nätäänen, 1992͒. The N1 and MMN are considered indices of sensory or preattentive processing since they can be recorded without active participation from subjects, whose attention is actively directed away from the eliciting stimuli by having them read or watch a movie. Primary generator sites for the N1 and MMN include the auditory cortical and thalamic areas ͑Nä-täänen and Picton, 1987; Csepe, 1995͒. The MMN can be elicited in response to various attributes of the speech signal including changes in the starting frequencies and direction of second and third formant transitions and in steady state formant frequencies ͑Aaltonen et Sams et al., 1990; Sharma et al., 1993; Maiste et al., 1995͒ . These studies have all demonstrated equally robust MMNs for within-category and across-category phonetic contrasts. In light of these data, and given the findings of Sinex et al. ͑1991͒ showing that neural encoding across VOT categories is enhanced relative to within a category, it is of interest to see if the MMN elicited by VOT contrasts will be equally robust within-and across-categories.
I. BEHAVIORAL EXPERIMENT
A. Method
Subjects
Sixteen adults ͑11 females and 5 males͒ ranging in age from 20 to 30 years ͑mean age 26 years͒ were paid $5/h for their participation in this experiment. All were native speakers of English, who reported no history of speech or hearing disorders.
Stimuli
The stimulus continuum was identical to the one used by Sinex et al. ͑1991͒ . The continuum consisted of nine tokens varying from /da/ to /ta/. In each syllable, a brief ͑10-ms͒ burst of friction noise was present at syllable onset. From syllable onset to F1 onset, the higher formants (F2 to F5) were excited using aspiration noise. This aspirated interval corresponded to the VOT which was varied from 0 to 80 ms in 10-ms steps. The center frequency of F1 was 155 Hz for the first 10 ms of the syllable, increased to 270 Hz at 15 ms, and then increased linearly to its steady state value of 770 Hz at 65 ms. F2 and F3 decreased from 1550 to 1200 Hz and 3700 to 2200 Hz over a transition duration of 65 ms. Each syllable had a fundamental frequency of 114 Hz and an overall duration of 200 ms. The stimuli were equated in intensity and presented to the subjects at 75 dB SPL, binaurally through headphones.
Procedures
In the identification portion of the experiment, subjects were asked to listen to the sounds through headphones and to classify each sound either as a /da/ or a /ta/. Subjects were asked to indicate their responses by clicking with the mouse on panels marked DA and TA appearing on the computer screen. Each subject was given an initial practice session where he or she heard each stimulus along the continuum once. After that, ten repetitions of each of the nine stimuli were presented to the subject in a random order.
Following the identification task, subjects participated in a discrimination task. To anticipate the results of the identification experiment, the stimulus pairs in the discrimination task will be referred to as the across-category pair ͑30-50 ms VOT͒ and within-category pair ͑60-80 ms VOT͒, respectively. An AX discrimination task was employed. On each trial, subjects heard two stimuli with an interstimulus interval ͑ISI͒ of 500 ms. Subjects were asked to determine whether the stimuli in the pair were ''same'' or ''different.'' Subjects indicated their responses by clicking on panels labeled ''same'' or ''different'' on the computer screen. The presentation of stimulus pairs was randomized within the test and across subjects. To familiarize the subjects with the task, an initial practice session of 20 trials was presented ͑10 same and 10 different trials͒. The experimental session consisted of a total of 100 trials ͑50 same and 50 different͒ for each stimulus pair.
B. Results
For the behavioral identification experiment, responses to each of the nine tokens in the continuum were collapsed across subjects. The group means for each token are shown in Fig. 1 . Stimuli with VOT of 0-30 ms were identified consistently as /da/ while stimuli with VOT of 50-80 ms were consistently identified as /ta/. The 40-ms VOT stimulus was identified as either sound approximately half of the time.
The mean discrimination scores for the 30-50 and 60-80 stimulus pairs are illustrated in Fig. 2 . As expected, a paired t-test revealed that subjects' discrimination of the stimuli in the across-category stimulus ͑30-50͒ pair was significantly more accurate than their discrimination of stimuli in the within-category ͑60-80͒ pair (tϭ20; d f 15; p Ͻ0.0001). That is, subjects' discrimination of a VOT change of equal magnitude was better across the /da/-/ta/ FIG. 1. Mean identification functions for the /da/-/ta/ continuum. Stimuli with VOTs of 0-30 ms were identified as /da/, while stimuli with VOTs of 60-80 ms were identified as /ta/. A sharp category boundary between /da/ and /ta/ was observed at VOT of 40 ms.
categories than within the /ta/ category. Overall, the identification and discrimination results are consistent with previous reports ͑see Harnad, 1987 , for a review͒.
II. ELECTROPHYSIOLOGIC EXPERIMENT
Subjects
MMN recordings were obtained in the same 16 subjects used in the behavioral experiment. Nine of those subjects ͑6 female and 3 male͒ ranging in age from 22 to 26 years ͑mean age 23 years͒ returned for a separate session of N1 recordings. During MMN and N1 recording sessions subjects' were seated comfortably in a sound booth. To control for arousal and to minimize subjects' attention to the test stimuli, subjects watched a videotaped movie of their choice. Videotape audio levels were kept below 40 dB SPL. Subjects were asked to ignore the stimuli that were presented through an insert earphones at 75 dB SPL in the right ear.
Stimuli
a. MMN. For the MMN recordings, the stimulus pairs were the same as those used in the behavioral discrimination experiment, i.e., the across-category ͑30-50 ms VOT͒ pair and the within-category ͑60-80 ms VOT͒ pair. The MMN was elicited using an oddball paradigm in which repetitive presentations of a ''standard'' stimulus were occasionally replaced with a ''deviant'' or ''target'' stimulus. The deviant stimulus had a probability of occurrence of 15%. For the across-category pair, the 30-ms VOT stimulus was the standard and the 50-ms VOT stimulus was the deviant. For the within-category pair, the 60-ms VOT stimulus was the standard and the 80-ms VOT stimulus was the deviant. The stimuli were presented at an offset-to-onset ISI of 510 ms. The order of the presentation of stimulus pairs was counterbalanced across subjects.
b. N1. The stimulus continuum was identical to the one used in the behavioral identification experiment. Repeated presentations of each stimulus separated by an onset-tooffset ISI of 800 ms were used to elicit the N1. The order of presentation of stimuli was counterbalanced across subjects.
Recording procedures
MMN and N1 evoked potentials were recorded using a NeuroScan Inc. data acquisition system. Silver-chloride electrodes were placed on the midline ͑Fz, Cz, and Pz͒. The reference electrode was placed on the right mastoid and the ground electrode was placed on the forehead. Eye movements were monitored with a bipolar electrode montage ͑su-praorbital to lateral canthus͒. Averaging was suspended when the eye channel registered blinks. The recording window included a 100-ms pre-stimulus period and 500 ms of post-stimulus time. Evoked responses were bandpass filtered on-line from 0.1 to 100 Hz. Responses that were judged noisy or that were greater than 100 V were rejected offline.
a. MMN. In the oddball paradigm, 2000 sweeps of the response to the standard and 300 sweeps of the response to the deviant stimulus were collected. By definition, the MMN is a response to stimulus change and occurs only when the deviant stimulus is presented in the context of a sequence of standard stimuli. A control condition was employed to en- FIG. 3 . Grand-averaged responses at the Fz scalp location in the across-and within-category stimulus conditions. The top thin line is the response to the deviant stimulus when it was presented alone. The thick line is the response to the deviant stimulus when it occurred in the mismatch condition. The MMN response is seen in the difference wave ͑lower thick line͒ as a negativity. The boxes on the x-axis indicate the region of a significant mismatch response (pϽ0.05). sure that the response reflects a change as opposed to reflecting simply the stimulus difference between the standard stimulus and the deviant stimulus. In this condition, the response which occurred to the deviant stimulus in the oddball paradigm was compared to the response evoked by the same stimulus when it was presented alone. If a MMN is present, a relative negativity will be apparent only in the response elicited in the context of the oddball paradigm and not when the deviant stimulus was presented alone ͑Kraus et al., 1995͒.
b. N1. For the N1 recordings, 300 sweeps elicited in response to each stimulus from the /da/-/ta/ continuum were collected.
Data analysis
a. MMN. For individual subjects, sweeps were averaged to compute an individual average waveform elicited by the deviant stimulus when it occurred in the context of the standard stimulus ͑i.e., in the oddball paradigm͒ and by the deviant stimulus when it was presented alone. A ''difference wave'' was computed by subtracting the response to the deviant stimulus from the deviant-alone stimulus presentation. In individual subjects, the morphologies of the alone, deviant, and difference waves were assessed relative to previously described morphologies of speech-evoked potentials ͑Kraus et al., 1992͒. In individual subjects, the MMN was apparent in the difference waveform while the N1 was apparent in the alone and deviant waveforms. The MMN was identified visually as a relative negativity following the N1 peak. The point of maximum negativity of the MMN component was noted and the adjacent relative positive peaks were selected as the MMN onset and offset. To determine the area of the MMN, a line was drawn from the onset to the offset of the MMN in the difference wave. The area was defined as a summation of the point by point multiplication (msϫV) of the enclosed difference wave. The area of the MMN was computed for individual subjects from the Fz electrode since the most robust MMNs were observed at that electrode site.
Group averaged difference waves were computed by averaging individual subject difference waves. A point-to-point t-test of the values contributing to the group averaged difference waveform determined the period over which the grand averages were significantly different from zero at the p Ͻ0.05 level. A significant negativity in the mean difference wave was defined as the group MMN. The disadvantage of this analysis is that the number of t-tests performed and the high correlation between adjacent points on a waveform increases chances of spurious significant values. To counter this difficulty Gutherie and Buchwald ͑1991͒, based on multiple regression techniques on P300 waveforms, concluded that if a continuous interval of at least 12 sampling points shows significance then the power of the statistical test is sufficient. Because the A/D sampling rates and filter settings for the MMN are essentially similar to the P300, a similar significance interval should give appropriate statistical power ͑Kraus et McGee et al., 1997͒. b. N1. For individual subjects, sweeps were averaged to compute an individual average waveform. All waveforms were digitally high pass filtered off-line at 4 Hz ͑filter slope 12 dB/octave͒. In the group mean waveforms, N1 was identified visually as a prominent negative peak within the first half of the time window. In order to aid in peak identification and measurement in data from individual subjects, response windows of ϩ25 ms were created around the peak in the group mean waveforms. Peak latencies were detected based on the recordings from the electrode site Cz, where the response amplitudes were the largest in the group mean waveforms. The latency was typically marked at the center. When the waveform contained a double peak within the defined time frame ͑e.g., for waveforms of VOT 50-80 ms͒, the latency was measured at the center of each peak. Group averaged waveforms were computed by averaging across the individual average waveforms.
B. Results

MMN
The group averaged waveforms in the within-and across-category conditions are shown in Fig. 3 . A robust MMN was obtained in the across-category condition. A minimal MMN was obtained in the within-category condition. Mean values for MMN area are shown in Fig. 4 . A repeated-measures t-test revealed that MMN area was significantly larger in the across-category stimulus pair ͑i.e., 30-50 ms VOT͒ compared to the within-category stimulus pair ͑i.e., 60-80 ms VOT͒ (tϭ4. 06, d f ϭ15; pϽ0.001) .
Overall, the results obtained in the neurophysiologic discrimination ͑i.e., MMN͒ experiment complement the results of the behavioral discrimination experiment. That is, a significant MMN was elicited by the across-category stimulus pair, consistent with the excellent behavioral discrimination of the pair, while a significantly smaller MMN was elicited by the within-category stimulus contrast, consistent with its relatively poorer behavioral discrimination. 
N1
The group averaged waveforms elicited in response to stimuli from the VOT continuum are shown in Fig. 5 . Distinct morphological changes related to encoding of VOT are seen in the AEP waveforms. For stimuli with short VOTs ͑0-30 ms͒, a single negativity was apparent. However, for stimuli with long VOTs ͑50-80 ms͒ two distinct negative components (N1Ј and N1͒ were apparent. Thus stimuli that were behaviorally identified as /da/ were characterized by a single N1 component; in contrast, stimuli that were behaviorally identified as /ta/ were characterized by two distinct N1 components. These data demonstrate a discontinuity in morphology of the AEP waveform in the region of the boundary between perceptual categories /da/ and /ta/.
As pointed out in the stimulus description section, each stimulus began with a 10-ms burst. Given the time frame of the N1Ј peak latency and given that it did not show a significant correlation with VOT (rϭ0.03; pϾ0.8), it would appear that this component occurred in response to the burst at syllable onset. On the other hand, the peak latency of the N1 component demonstrated a high positive correlation with VOT (rϭ0.84; pϽ0.0001) , suggesting that this component occurs in response to the onset of voicing in the syllables.
III. GENERAL DISCUSSION
The results of the MMN experiment demonstrate a neurophysiologic correlate of the enhanced behavioral discrimination across the /da/-/ta/ phonetic boundary. That is, the MMN elicited by a 20-ms change in VOT was larger and more robust when the stimuli which elicited the MMN were identified as belonging to different phonetic categories ͑30 vs 50 ms VOT͒ than when the stimuli in the pair were identified as belonging to the same phonetic category ͑60 vs 80 ms VOT͒. It is useful to interpret these results in light of the results reported by Sinex et al. ͑1991͒ who examined in chinchillas the peripheral neural encoding of stimuli used in the present experiment. Sinex et al. ͑1991͒ found that stimuli with 30-50 ms VOTs elicited responses which were more synchronous than stimuli with VOTs between 60 and 80 ms. That is, there was less variability in the time of onset of neural discharges relative to the onset of voicing for stimuli with 30-and 50-ms VOTs than for stimuli with 60-and 80-ms VOTs. The better encoding of the time of onset for stimuli with 30-and 50-ms VOTs can account for the ease with which humans and chinchillas discriminate stimuli with 30-and 50-ms VOTs relative to stimuli with 60-and 80-ms VOTs. The finding from the present experiment, of a large MMN in response to a change from 30-to 50-ms VOT and a virtually nonexistent MMN to a change from 60-to 80-ms VOT, can be accommodated by the view that the more precise encoding of the 30-and 50-ms VOTs enables the thalamic and/or cortical ''comparitor mechanism'' which underlies the MMN to better see a difference between stimuli with 30-and 50-ms VOTs than between stimuli with 60-and 80-ms VOTs. Thus the relatively poor within-category discrimination for VOT arises at a sensory level of signal encoding.
The results of the present experiment stand in contrast to the results of other experiments in which the MMN has been recorded in response to across-and within-phonetic category changes in stimulation. Sams et al. ͑1990͒, Sharma et al. ͑1993͒, and Maiste et al. ͑1995͒ all reported that the MMN was as large to a within-category change of stimulation as to a between-category change of stimulation when the stimuli differed in place of articulation ͑i.e., the onset frequency and direction of F2 and F3 transitions͒. If we adopt the account taken in the previous paragraph, then we should suppose that, unlike VOT, differences in onset frequencies of F2 and F3 are equally well encoded by the peripheral auditory system and thus allow the thalamic and cortical ''comparitors'' to see, equally well, differences in between-and withinphonetic-category stimulation. The poor within category discrimination of stimuli which vary in F2/F3 onset frequency, therefore, arise from processes ''higher'' than sensory encoding.
The present study did not test contrasts on the short-lag end of the VOT continuum, where F1 typically varies to a greater extent than on the long-lag end of the continuum. It remains to be seen if the MMN elicited by within-category contrast on the short-lag end of a VOT continuum is more similar to the MMN elicited by within-category, long-lag contrasts, or to a MMN elicited by within-category changes in F2/F3 onset frequency.
The results of the N1 experiment revealed that sounds that were identified as belonging to different phonetic categories showed distinct waveform morphology. A single N1 FIG. 5 . Grand-averaged N1 responses elicited by stimuli in the /da/-/ta/ continuum. Stimuli with VOTs of less than 50 ms showed a single negativity ͑N1͒, while stimuli with VOTs of 50 ms and more showed two distinct negative components (N1Ј and N1͒ indicated by the dashed lines. component was observed for sounds that were behaviorally perceived as /da/. Two clearly defined components (N1Ј and N1͒ were observed for stimuli perceived as /ta/. Latency of these components suggest that N1Ј occurred in response to the burst at syllable onset, while N1 was elicited by onset of voicing. The two peaks were clearly apparent when the temporal spacing between the burst and voice-onset was 50 ms which is also the VOT value at which listeners' identification of sounds changed to /ta/. These data are consistent with previous reports of double-peaked responses ͑Kaukoranta et Stienschnieder et al., 1994 Stienschnieder et al., , 1995 Eggermont et al., 1995; McGee et al., 1996͒ and other nonmonotonic evoked responses elicited by VOT stimuli ͑e.g., Molfese and Molfese, 1979; Adams et al., 1987; Morse et al., 1987͒ . Examining multiple unit activity recorded from the auditory cortex of awake monkeys, Steinschnieder et al. ͑1994, 1995͒ found that /da/ syllables (VOTϭ0 and 20 ms͒ elicited essentially a ''single on'' response, while /ta/ syllables (VOT ϭ40 and 60͒ elicited a clearly apparent ''double on'' response. McGee et al. ͑1996͒ examined averaged evoked potentials recordings from the scalp surface of anesthesized guinea pigs in response to /ba/ and /pa/ syllables. They found that the /ba/ syllable (VOTϭ10 ms) elicited a single-peaked component while the /pa/ syllables (VOTsϭ20,30,40) elicited double-peaked responses. Obviously any comparison of our results to results of these two studies is complicated by differences in recording methods, species, stimuli, and state. However, it is interesting to note that in those studies and in the present one, the appearance of a clearly apparent doublepeaked response coincided with a stimulus identified as ''voiceless.'' Further studies are needed to determine if the change in AEP waveform from single-to double-peaked actually predicts a change in perceptual categories.
In conclusion, the enhanced MMN responses and the discontinuity in N1 morphology observed in the region of the /da/-/ta/ phonetic boundary appear to provide neurophysiologic correlates of the nonmonotonic perceptual acuity for VOT. Future studies will determine whether similar physiologic correlates exist for the categorical perception of other phonetic contrasts.
